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EFFECTS OF WATER TEMPERATURE ON GROWTH OF
RAZORBACK SUCKER LARVAE
Kevin R. Bestgen1
ABSTRACT.—I conducted laboratory experiments and fit a response surface regression model to evaluate growth of
endangered razorback sucker (Xyrauchen texanus) up to 37 days post-hatch. Fish growth at ad libitum ration was positively related to water temperature, and larvae reared at 25.5°C grew about twice as fast in length and 4 times as fast in
weight as those at 16.5°C. Growth was intermediate at 19.5°C and 22.5°C. Time required for razorback sucker larvae to
exceed 25 mm total length (TL), a potentially important threshold for reduced predation, was 30 days (post-hatch) at
25.5°C, 33 days at 22.5°C, 36 days at 19.5°C, and 41 days at 16.5°C. Time to exceed 25 mm TL increased to 52 days
under a low growth rate of 0.29 mm ⋅ d–1. Faster growth rates could reduce the time that razorback sucker larvae are
vulnerable to predation by abundant and co-occurring small-bodied fish and invertebrate predators in nursery areas.
Growth of razorback sucker larvae could be enhanced if flow re-regulation at Flaming Gorge Dam and downstream
levee removal restored connections between the Green River and its floodplain and increased availability of warm and
productive wetlands.
Key words: razorback sucker, temperature, growth, survival, regulated river, predation, wetland, endangered species.

access is thought to be important because
razorback suckers in the Green River spawn
during spring high-flow periods in the main
channel, where low water temperatures of 12°–
16°C and low food availability may limit growth
in the few in-channel low-velocity rearing areas
(Tyus and Karp 1989, 1990, Bestgen 1990,
Mabey 1993, Muth et al. 2000). Access to high
growth environments is sometimes limited because levees restrict river–floodplain communication and spring peak flows are reduced
because of storage in Flaming Gorge Reservoir (Muth et al. 2000, Modde et al. 2001).
An additional factor that may limit survival
of razorback sucker is sympatric nonnative
fishes that prey upon or compete with early life
stages of razorback sucker. Over 60 fishes have
been introduced into lotic and lentic habitat in
the Colorado River Basin, and even macroinvertebrates and small-bodied fishes such as
fathead minnow (Pimephales promelas) and red
shiner (Cyprinella lutrensis; maximum total
length about 75 mm), which are abundant in
low-velocity nursery areas, are capable of
preying upon razorback sucker larvae (Carlson
and Muth 1989, Ruppert et al. 1993, Horn et
al. 1994, Valdez and Muth 2005, Olden et al.
2006, Markle and Dunsmoor 2007). Fast
growth of early life stages of razorback sucker

Rivers regulated by dams often exhibit
altered flow and temperature regimes and enhanced populations of nonnative fishes, which
collectively result in reductions of native kinds
(Carlson and Muth 1989, Poff et al. 1997). Prescription of more natural regimes, including
increased frequency of high flows that overtop
the main channel, may restore portions of the
native fish community that use the seasonally
inundated floodplain (Stanford et al. 1996, Poff
et al. 1997, Muth et al. 2000). Early life stages
of endangered razorback sucker (Xyrauchen
texanus), an endemic of streams in the highly
regulated Colorado River Basin in the American Southwest, use floodplain wetlands in the
Green River Basin, Utah, for rearing (Minckley et al. 1991, Modde 1996, Modde et al.
1996, 2001). Survival and recruitment of
razorback sucker larvae produced in the mainstem Green River—the only remaining riverine population of razorback sucker that consistently produces substantial numbers of
young—may be linked to availability of downstream low-velocity floodplain areas, where
relatively warm and food-rich conditions may
promote faster growth and higher survival of
larvae (Bestgen 1990, Tyus and Karp 1990,
Modde 1996, Clarkson and Childs 2000, Modde
et al. 2001, Bestgen et al. 2002). Floodplain
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could reduce the time larvae are susceptible
to size-dependent mortality from abundant
predators and may enhance survival and
recruitment (Marsh and Langhorst 1988, Rice
et al. 1993, Bestgen et al. 1997, 2006, Modde et
al. 2001).
Primary factors affecting fish growth are
water temperature and the quality and quantity of food (Weatherly and Gill 1987). Growth
of razorback sucker larvae fed different diets
and rations has been described (Papoulias and
Mickley 1990, 1992), temperature preference
of juveniles and adults is known (Bulkley and
Pimentel 1983), and effects of 10°, 14°, and
20°C water temperatures on development and
growth of early life stages has been investigated (Marsh 1985, Clarkson and Childs 2000).
I assessed growth of early life stages of razorback sucker at warmer water temperatures
(16.5°–25.5°C) and ad libitum food abundance
to simulate growth conditions in Green River
floodplain wetlands, where water temperatures
exceed 20°–25°C by late June and where food
is abundant (Modde et al. 2001, Christopherson et al. 2004, Modde and Haines 2005). A
response surface model quantifies the relationship between water temperature and growth
of early life stages of razorback sucker, information which may assist in the recovery of this
endangered species.
METHODS
Razorback sucker embryos were obtained
in May 1996 from a U.S. Fish and Wildlife
Service hatchery in Grand Junction, Colorado.
Embryos were transported to Colorado State
University, and they hatched 6 or 7 days postfertilization in flow-through Heath trays. Fish
were maintained at 18°C and reared in fine
mesh cages. Newly hatched brine shrimp nauplii (Artemia sp.) were offered ad libitum twice
per day beginning 5 days post-hatch, and 1st
feeding was noted at 9 days post-hatch. Five
healthy 1st-feeding larvae were allocated to
each of 12 tanks: 3 tanks were assigned at random to each of the 16.5°, 19.5°, 22.5°, and
25.5°C treatments. Larvae were acclimated
over a period of several hours (2 hours per 1°C
change from 18°C rearing conditions) to treatment temperatures and placed in aerated 2-L
flow-through containers. Treatment temperatures generally were chosen to reflect the range
of conditions that newly emerged razorback
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sucker larvae may encounter in Upper Colorado River Basin streams or the floodplain
(Muth et al. 2000, Modde et al. 2001). Water
temperatures in treatment tanks were monitored several times per day throughout the
test period and were maintained within 0.2°C
of the target; only nominal temperatures were
used in analyses.
Total lengths (TL, nearest 0.1 mm) of an
additional 8 razorback sucker larvae (few fish
were available) were measured at 1st feeding
(9 days post-hatch) with an ocular micrometer
fitted to a dissecting microscope. Their mean
length was the benchmark upon which length
changes at 23 and 37 days post-hatch (14 and
28 days post-exogenous feeding, respectively)
were compared for each treatment. On day 23
post-hatch, all larvae were lightly anaesthetized with MS-222 (25 mg ⋅ L–1), measured, and returned to their respective tanks.
On day 37 post-hatch, all larvae were sacrificed with an overdose of MS-222, similarly
measured, and weighed to the nearest 0.001 g.
Growth experiments were discontinued after
28 days post-exogenous feeding because larvae were approaching the size at which small
tank size may have limited growth.
Mean total length of razorback sucker larvae in tanks at 9, 23, and 37 days post-hatch
(0, 14, and 28 days, respectively, post–1stfeeding) and mean weight were used as experimental response variables. To avoid potential
pseudoreplication, I used tanks as the experimental units rather than individual fish, even
though a statistical tank effect was not evident.
Mean TL of razorback sucker in each tank
(i.e., growth) was compared to water temperature and days post-hatch (including squared
and interaction terms) to estimate a response
surface function. A quadratic regression model
was used to explore different water temperature–growth scenarios over the entire 16.5°–
25.5°C range. All statistical analyses were performed with SAS (Statistical Analysis Systems,
version 8.0, SAS, Inc., Cary, NC).
I also solved the response surface equation
described above for growth as a function of
water temperature and days post-hatch to determine the number of days required for razorback suckers to achieve 25 mm TL, a size at
which razorback sucker larvae may be immune
to predation from some small-bodied, gapelimited cyprinid predator fishes (Bestgen et al.
2006, Markle and Dunsmoor 2007). I also
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Fig. 1. Growth (change in total length) of razorback sucker larvae as a function of age (days post-hatch) for fish reared
in laboratory aquaria at 4 different water temperatures. Parameters for a response surface regression to estimate growth
as a function of water temperature and age in days post-hatch are available (Table 2).
TABLE 1. Mean total length (sample size, sx–) of razorback sucker larvae at 4 constant-temperature treatments (n = 3
tanks per treatment, 5 larvae per tank, means for individual fish) at 9, 23, and 37 days post-hatch; larvae began exogenous feeding 9 days post-hatch. For the 23-day post-hatch measurement, the 5 larvae were removed from the tanks,
lightly anaesthetized, measured to the nearest 0.1 mm TL, and returned to the tanks. Mean mass of individual larvae at
37 days post-hatch is also shown; no mass measurements were taken at other intervals. Larvae were fed brine shrimp,
Artemia sp. nauplii ad libitum twice daily.
Mean growth rate

Mean total length (mm)

______________________________________________

Temperature treatment (°C) 9 days
16.5
19.5
22.5
25.5

11.0
(8, 0.27)
11.0
(8, 0.27)
11.0
(8, 0.27)
11.0
(8, 0.27)

Mean mass (g)

_________________

(mm ⋅ day–1)
______________________________

23 days

37 days

37 days

9–23 days

23–37 days

15.9
(14, 0.28)
16.7
(15, 0.52)
18.4
(15, 0.29)
19.5
(15, 0.42)

21.8
(13, 0.59)
27.2
(14, 0.52)
29.2
(15, 0.37)
31.2
(15, 0.80)

0.057
(13, 0.005)
0.136
(14, 0.010)
0.175
(15, 0.008)
0.231
(15, 0.020)

0.35

0.42

0.40

0.75

0.53

0.77

0.61

0.84

calculated days required for razorback suckers
to achieve 25-mm TL under a slower growth
rate (0.29 mm TL ⋅ d–1) at 20°C (Clarkson and
Childs 2000).
RESULTS
Growth of early life stages of razorback
sucker was positively related to water temperature, and fastest growth occurred at 25.5°C,
the highest water temperature tested (Fig. 1,
Table 1). Mean TL of razorback suckers 37
days post-hatch was 21.8 mm (s–x = 0.59) at
16.5°C and 31.2 mm (s–x = 0.80) at 25.5°C.
Growth was intermediate at 19.5°C and 22.5°C.
Growth in length (mm TL ⋅ d–1) of early life
stages of razorback sucker was faster between
23 and 37 days post-hatch for all temperature

treatments. Growth in both the early and late
post-hatch periods was about twice as fast at
25.5°C (0.61 mm TL ⋅ d–1 and 0.84 mm TL ⋅
d–1, respectively) than growth rates in corresponding periods at 16.5°C (0.35 mm TL ⋅ d–1
and 0.42 mm TL ⋅ d–1, respectively). Average
weight of razorback suckers in the 25.5°C
treatment was about 4 times that of razorback
suckers in the 16.5°C treatment when the experiment ended. Mortalities during the experimental period were limited to 2 individuals in
the 16.5°C treatment and 1 in the 19.5°C treatment; no adjustments to growth calculations
were made for these fish.
Growth was mostly linear over time for the
16.5°C treatment and increased in a slightly
exponential fashion over time in the 19.5°, 22.5°,
and 25.5°C treatments. The response surface
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TABLE 2. Parameters for a response surface model to
estimate total length as a function of water temperature
(T), time (D, days post-hatch; fish were 9 days post-hatch
when experiments began and 37 days post-hatch at the
end), and the squared and interaction terms for those
effects. The main effect for T was not included (P = 0.39).
The overall model was statistically significant (F4, 23 =
174.2, P < 0.0001, R 2 = 0.968).
Parameter

Estimate

sx–

t-value

Pr > t

Intercept
D
T⋅T
D⋅D
D⋅T

13.055
–0.591
–0.010
0.008
0.038

2.768
0.207
0.005
0.003
0.007

4.72
2.85
2.02
2.99
5.16

<0.0001
0.009
0.055
0.007
<0.0001

regression relationship suggested that time
(days post-hatch), the squared terms for time
and temperature, and the time × temperature
interaction all importantly affected growth of
razorback sucker larvae; the interaction was
the most significant effect (Table 2).
Based on mean growth rates for each treatment, time required for razorback suckers to
exceed 25 mm TL was 30 days (post-hatch) at
25.5°C, 33 days at 22.5°C, 36 days at 19.5°C,
and 41 days at 16.5°C. Time required for slowgrowth razorback suckers to exceed 25 mm TL
under the simulated 20°C temperature (0.29
mm ⋅ d–1) was 52 days.
DISCUSSION
Water temperature had a strong, positive
effect on growth of early life stages of razorback sucker, particularly when temperatures
were 19.5°C or higher. A threshold was apparent, because change in mean length of razorback suckers reared at 19.5°C was 50% greater
than for those reared at 16.5°C over the duration of the experiment; growth rates at higher
temperatures increased at a lower rate. Differences in mean weight were even greater.
Razorback suckers reared at 19.5°C were more
than twice as heavy as those reared at 16.5°C.
I did not test colder temperatures because my
main interest was determining more optimal
growth conditions and because some information describing growth of early life stages of
razorback sucker at cooler temperatures was
already known (Clarkson and Childs 2000).
These findings support those of Clarkson and
Childs (2000) and others who found faster development and higher growth rates of early
life stages of razorback sucker and other native
fishes of the Colorado River Basin at higher
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water temperatures (Marsh 1985, Bestgen and
Williams 1994, Bestgen 1996). Growth rates of
razorback suckers at the highest water temperatures tested are relevant because water
temperatures of the Green River floodplain
exceeded 20°C in early June and reached or
exceeded 25°C by late June (Modde et al.
2001, Christopherson et al. 2004, Modde and
Haines 2005), a period just after razorback
suckers hatch in the Green River (Modde et
al. 2001, Bestgen et al. 2002).
Growth rates of razorback sucker larvae
observed in this study were generally faster
than those in most other studies, perhaps due
to unlimited food rations or warmer temperatures. Laboratory-reared razorback suckers
grew about 0.25 mm ⋅ d–1 (Bundy and Bestgen
2001), pond-reared ones grew about 0.21–0.27
mm ⋅ d–1 (Papoulias and Minckley 1992), and
wild fish from the Green River grew about
0.27–0.35 mm ⋅ d–1 (Muth et al. 2000). The
faster growth rate of razorback suckers reared
at 19.5°C in this study (0.58 mm TL ⋅ d–1)
compared to those reared at 20°C (0.29 mm
TL ⋅ d–1) in Clarkson and Childs (2000) is
inexplicable because both studies used the
same Artemia diet, food was provided ad libitum, and razorback sucker densities in tanks
were similar (2.5 fish ⋅ L–1 in this study, 1.3–
2.6 fish ⋅ L–1 in Clarkson and Childs 2000).
High growth rates of the few juvenile razorback suckers documented in the wild in the
Green River Basin suggested that fast growth
and survival may be linked (Gutermuth et al.
1994, Modde 1996, Modde et al. 2001).
Differences in time for razorback sucker
larvae to achieve the hypothetical predation
threshold of 25 mm TL under different growth
rates suggested that water temperature and
food resources may play a role in determining
intensity of size-dependent mortality processes
and survival rates in the wild. I do not imply
that survival is assured once razorback suckers
reach 25 mm TL but suggest that fast growth
may be important when the early life stages of
this species are in the presence of large macroinvertebrates or abundant small-bodied predaceous fishes known to prey upon cypriniform
fish larvae in nursery habitats (Minckley 1973,
Ruppert et al. 1993, Horn et al. 1994, Bestgen
et al. 2006, Markle and Dunsmoor 2007).
Increased availability of nursery areas for
razorback sucker larvae that promote fast
growth and are relatively free of predators
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should improve recovery prospects for this
endangered species (Muth et al 2000, Modde
et al. 2001).
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